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In this study, we analyzed insulin-like growth factor I (IGF-I), growth hormone receptor
(GHR) and uncoupling protein (UCP) mRNA expression in the muscle and liver of high-
(0.23 g/g) and low- (0.17 g/g) feed-efficiency (FE) Japanese quail at three different air
temperatures: comfortable (25 1C), heat stress (38 1C) for 12 h or cold stress (10 1C) for
12 h. Total RNA was extracted from the liver and breast muscle of each quail, and cDNA
was amplified using specific primers for the target genes. Expression was analyzed using
quantitative real-time PCR (qRT-PCR). IGF-I mRNA expression was higher in the livers of
high-FE quail than in the livers of low-FE quail under both heat and cold stress conditions.
High-FE birds also showed higher GHR mRNA expression independent of temperature.
UCP mRNA expression in the liver was lower in high-FE birds and higher under heat stress
compared with the other conditions. IGF-I mRNA expression was higher in the muscle of
high-FE quail under the three conditions tested, and UCP mRNA expression was higher
under cold stress. Our results suggest that air temperature affects the expression of genes
related to growth and mitochondrial energy production, and quail with different feed
efficiencies respond differently to environmental stimuli.
& 2013 Elsevier B.V. All rights reserved.1. Introduction
Characteristics governing animal production, such as feed
and reproductive efficiency, are expressed as a function of
the animal's genetics, the environment to which the animal
is exposed and the interaction between these two factors.
Birds are endothermic animals and thus require com-
fortable temperatures in order to channel all the energyll rights reserved.
aringá—av. Colombo,
9;
o).they produce toward animal production (Macari et al., 2004).
Changes in air temperature, above or below the comfortable
range, can negatively affect animal performance. Animals
exposed to low temperatures undergo cardiovascular system
changes in order to meet their increased energy require-
ments (Blahová et al., 2007). The hormone T3 appears to be
involved in regulating the growth rate at low air tempera-
tures. The circulating level of T3 has been negatively corre-
lated with temperature and positively correlated with feed
ingestion in chicken (Yahav, 2000).
Low temperatures can also affect the bird performance
via uncoupling protein (UCP). UCP is a protein located in
the internal membrane of mitochondria that is responsible
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duction (Vidal-Puig, 2000). Because it causes uncoupling
during energy production, studies have shown that chick-
ens with high UCP mRNA expression also have lower feed
efficiency (Ojano-Dirain et al., 2007). Low temperatures
have been linked to higher UCP mRNA expression in
several tissues and species (Dridi et al., 2008; Toyomizu
et al., 2002). This higher level of expression has been
attributed to the animal's attempts to maintain adequate
body temperature.
Similar to low temperatures, heat stress also causes
metabolic changes. In broilers, higher temperatures are
correlated with decreases in feed intake, nutrient utiliza-
tion efficiency, weight gain, egg production and feed
efficiency (Aksi̧t et al., 2006; Menten et al., 2006). Such
decreased performance is mainly caused by reductions in
T3 and T4 levels, changes in water and ionic balance,
changes in the kinetics of important enzymes that control
the concentrations of anabolic and catabolic products,
depression of immune system function and changes in
growth hormone concentration (Barbour et al., 2010).
In addition to air temperature (Gabillard et al., 2003,
2006), the expression of hormones, such as insulin-like
growth factor I (IGF-I) and growth hormone receptor
(GHR), can also be affected by many factors, including diet
(Gasparino et al., 2012; Katsumata et al., 2002), tissue type
and developmental stage (Berishvili et al., 2006). IGF-I
mRNA expression also differs between chickens selected
for high or low growth rates. Higher IGF-I mRNA expres-
sion was found in animals with high growth rates
(Beccavin et al., 2001).
Confirming the hypothesis that IGF-I has a positive
effect on bird growth, studies have shown increased
protein deposition in the presence of higher levels of
circulating IGF-I (Carew et al., 2003; Stubbs et al., 2002),
possibly due to the effect of this hormone on the metabolic
cycles responsible for protein synthesis (Tesseraud et al.,
2007) and degradation (Sacheck et al., 2004).
Therefore, based on the hypothesis that air temperature
can affect hormones and proteins important for bird
performance, and that animals with different feed effi-
ciencies respond differently to environmental stimuli, this
study sought to analyze IGF-I, GHR and UCP expression in
the muscle and liver of high- and low-feed-efficiency (FE)
laying quail kept in three environments: comfortable, heat
stress (38 1C) for 12 h and cold stress (10 1C) for 12 h.Table 1
qRT-PCR primers.
Gene Amplicon (bp) Annealing tempera
GHR 145 60 1C
IGF-I 140 60 1C
UCP 41 60 1C
β-actin 136 60 1C2. Materials and methods
The experiment was conducted at the Iguatemi Experi-
mental Farm at the State University of Maringá. First, 400
laying quails (Coturnix coturnix japonica), born from the
same incubation, were conventionally raised for 28 days
under the same experimental conditions. At this time, the
birds were transferred to individual cages and underwent
an adaptive period for 7 days. Feed efficiency was calcu-
lated as the increase in body weight relative to feed intake
from 35 to 42 days of age. Feed consumption and weight
gain during the test period were measured individually.
During this time, the birds were kept at a comfortable
temperature (2570.9 1C with 6071.2% relative humidity
(RH)). The animals had free access to food and water
throughout the experiment. The feed was formulated for
the two phases of the birds' lives according to Rostagno
et al. (2011). Starter feed was provided during the first 14
days of life, and growth feed was provided from 15 days of
age. At 42 days of age, the animals were separated into two
groups: the 36 birds with the highest FE (high-FE) and the
36 birds with the lowest FE values (low-FE) (Table 1).
These groups were then divided into three environmental
conditions: comfortable (25 1C, according to Pinto et al.,
2003), heat stress (38 1C) for 12 h and cold stress (10 1C)
for 12 h, with 12 animals in each group.
After the stress period, the animals were euthanized by
cervical dislocation, and tissue from the breast muscle
(pectoralis superficialis) and liver were collected and stored
in RNA Holders (BioAgency Biotecnologia, Brasil) at
20 1C until RNA extraction. Animals in comfortable
conditions were sacrificed immediately after the groups
were separated. Only 12 (6 high-FE and 6 low-FE) of the
24 animals submitted to each experimental conditionwere
used for gene-expression analysis.
Total RNA was extracted using Trizols (Invitrogen,
Carlsbad CA, USA) according to the manufacturer's instruc-
tions (1 mL per 100 mg of tissue). All of the materials used
had been previously treated with the RNase inhibitor
RNase AWAYs (Invitrogen, Carlsbad, CA, USA). The tissue
and Trizol mixture were triturated with a Polytron electric
homogenizer until completely dissociated. Next, 200 mL of
chloroform was added to the sample, and the mixture was
manually homogenized for 1 min. The samples were then
centrifuged for 15 min at 12,000 rpm and 4 1C. The aqu-










Performance data for the animals separated into high- and low-FE
groups.
IW (g) FW (g) WG (g) FI (g) FCR (g/g) FE (g/g)
High-FE 119.55 145.57a 24.44a 107.00 4.40b 0.23a
Low-FE 124.00 141.44b 17.44b 106.74 6.15a 0.17b
IW: Initial weight, FW: final weight, WG: weight gain, FI: feed intake,
FCR: feed conversion ratio, FE: feed efficiency.
Lowercase letters indicate a significant difference by the Tukey test
(Po0.05).
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homogenized and centrifuged for 15 min at 12,000 rpm
and 4 1C. The supernatant was discarded, and the precipi-
tate was washed in 1 mL of 75% ethanol. The material was
once again centrifuged at 12,000 rpm for 5 min, and the
supernatant was discarded. The pellet was dried for
15 min and resuspended in ultrapure RNase-free water.
The total RNA concentration was measured using a
spectrophotometer at a wavelength of 260 nm. RNA integrity
was analyzed using a 1% agarose gel stained with 10%
ethidium bromide and visualized under ultraviolet light.
The RNA samples were treated with DNase I (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer's instruc-
tions to remove possible genomic DNA contamination.
A SuperScript™ III First-Strand Synthesis Super Mix
(Invitrogen Corporation, Brasil) kit was used for cDNA
synthesis according to the manufacturer's instructions.
For this reaction, 6 mL of total RNA, 1 mL of oligo dT
(50 mM oligo(dT)20) and 1 mL of annealing buffer were
added to a sterile RNA-free tube. The reaction was then
incubated for 5 min at 65 1C and placed on ice for 1 min.
Subsequently, 10 mL of 2 First-Strand Reaction Mix and
2 mL of solution containing SuperScript III reverse tran-
scriptase enzyme and RNase inhibitor were added to the
tubes. The solution was incubated for 50 min at 50 1C for
the synthesis of complementary DNA. Next, the reaction
was incubated for 5 min at 85 1C and immediately placed
on ice. The samples were stored at 20 1C until use.
Real-time PCR reactions were performed using the
fluorescent dye SYBR GREEN (SYBRs GREEN PCR Master
Mix, Applied Biosystems, USA) in a StepOnePlus v.2.2 PCR
machine (Applied Biosystems, Carlsbad, CA, USA). All of
the reactions were analyzed under the same conditions
and normalized to the ROX Reference Dye (Invitrogen,
Carlsbad, CA, USA) to correct for fluctuations in the read-
ings due to evaporation during the reaction.
The primers used in the GHR and IGF-I amplification
reactions were designed based on the gene sequences
deposited at http://www.ncbi.nlm.nih.gov (accession
numbers NM001001293.1 and FJ977570.1, respectively)
using the site http://www.idtdna.com. The UCP primers
were described by Ojano-Dirain et al. (2007) (Table 1). Two
endogenous controls, β-actin and GAPDH, were tested, and
β-actin (accession number L08165) was selected because
its amplification was shown to be more efficient. All of the
analyses were performed in duplicate, each in a volume
of 25 mL.
The 2ΔCT method was used for the relative quantifica-
tion analysis. The results are shown as averages with
standard deviations. Univariate analysis was used to test for
the normality of the data. The experimental design was a
completely randomized factorial set-up with three environ-
ments (comfortable, heat stress and cold stress) and two feed
efficiencies (high and low). Averages were compared using
the Tukey test (Po0.05) (SAS Inst. Inc., Cary, NC).
3. Results
After the feed intake vs. weight gain analysis period,
the birds were divided into high-FE and low-FE groups
(Table 2). High-FE birds had a higher final weight,increased weight gain and a better feed conversion ratio
than quail with low FE.
The gene expression results for IGF-I, GHR and UCP in
the liver and muscle of the high- and low-FE birds in the
three environments are shown in Table 3. A significant
interaction between feed efficiency and environment was
observed.
Our analysis of gene expression in the liver showed that
high-FE birds had higher IGF-I mRNA expression than low-
FE birds in both the cold-stress and comfortable condi-
tions. The highest IGF-I mRNA expression in high-FE
animals was observed under comfortable conditions,
followed by that under cold and then heat. However,
IGF-I mRNA expression was similar in the low-FE animals
exposed to either cold or comfortable conditions and
lower in those exposed to high temperatures.
In the muscle, high-FE birds had higher IGF-I mRNA
expression than in the liver in all three studied environ-
ments. In the muscle, these birds had significantly higher
IGF-I mRNA expression under comfortable conditions,
followed by that under cold and heat. Low-FE birds had
significantly higher IGF-I mRNA expression in comfortable
conditions than in the other environments.
GHR expression in the liver was higher in high-FE birds
than in low-FE birds independent of environment. Lower
GHR expression was observed in both high and low-FE
birds exposed to heat stress, compared with the other
temperatures.
GHR mRNA expression in the muscle differed between
high- and low-FE animals under both the cold and hot
conditions; expression of this gene was higher in high-FE
animals under both the conditions. High- and low-FE
animals had significantly higher GHR mRNA expression
under cold conditions, followed by under comfortable and
hot conditions.
UCP mRNA expression in the liver was higher in high-FE
birds, independent of the environment. High-FE birds had
significantly higher UCP mRNA expression under cold
conditions, compared with the other temperatures. No
significant difference in the expression of this gene
between the cold and comfortable conditions was observed
for low-FE birds; however, animals exposed to the high
temperature had significantly lower UCPmRNA expression.
In the muscle, UCP mRNA expression was higher in
high-FE birds under cold conditions, but no difference in
UCP mRNA expression was observed between the hot and
comfortable conditions. However, higher expression levels for
this gene were observed in low-FE birds under cold condi-
tions, followed by under comfortable and hot conditions.
Table 3
IGF-I, GHR and UCP gene expression in the liver and muscles of high- and low-FE birds under three environmental conditions.
ENV Liver
IGF-I GHR UCP
High-FE Low-FE High-FE Low-FE High-FE Low-FE
Comfortable 0.560aA 0.111bA 0.740aA 0.490bA 0.00022bB 0.0024aA
Cold 0.394aB 0.117bA 0.732aA 0.415bA 0.0017bA 0.0021aA
Hot 0.045aC 0.044aB 0.229aB 0.177bB 0.00015bB 0.0014aB
CV (%) 10.3 24.5 24.13
P value o0.0001 o0.0001 o0.0001
ENV Muscle
IGF-I GHR UCP
High-FE Low-FE High-FE Low-FE High-FE Low-FE
Comfortable 0.201aA 0.181bA 0.261aB 0.221aB 0.201bB 0.516aB
Cold 0.107aB 0.022bB 1.471aA 0.593bA 0.295bA 0.853aA
Hot 0.057aC 0.028bB 0.065aC 0.034bC 0.247aB 0.289aC
CV (%) 25.5 18.9 23.72
P value o0.0001 o0.0001 o0.0001
Identical lowercase letters in the same row indicate no significant difference by the Tukey test (Po0.05).
Identical uppercase letters in the same column indicate no significant difference by the Tukey test (Po0.05).
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levels of UCP mRNA in low-FE birds when exposed to cold
stress or housed in comfortable conditions.4. Discussion
All animals adjust their metabolism to adapt to con-
stantly changing physiological and environmental condi-
tions; this involves the control of metabolic responses by
specific genes. Therefore, we hypothesized that production
characteristics, such as feed efficiency, are influenced by
several biological mechanisms, and that the overall
observed performance is a result of interactions between
all of these factors; air temperature can affect hormones
and proteins important for bird performance, and animals
with different feed efficiencies respond differently to
environmental stimuli.
We observed that high-FE birds gained significantly
more body weight, even though they were the same breed
and had similar food intake as low-FE birds. This suggests
that part of the observed difference is due to differences in
the expression of important genes that influence various
metabolic mechanisms.
In a study of chickens selected for rapid or slow growth,
Tesseraud et al. (2000) observed greater weight gain,
higher relative pectoralis major muscle mass (g/kg body
weight), greater protein deposition in this muscle,
increased protein synthesis and higher overall protein
deposition in the rapidly growing birds. The authors
suggested that the higher level of protein deposition may
be mainly due to decreased protein degradation in the
muscles of these birds. Rapidly growing chickens also
appear to have more and larger muscle fibers (Remignon
et al., 1995). This trait may be due to the fact that the
satellite cells of rapidly growing birds are more responsiveto IGF-I in the plasma, which may contribute to increased
hypertrophy of the muscle fibers (Duclos et al., 1991).
Hormonal growth regulation involves a complex series
of interactions between different hormones, with the
somatotropic axis (GH, GHR and IGF-I) considered to be
the most important. GH can affect growth directly, but its
effects are mostly mediated through IGF-I activity. The
presence of GH in an organism promotes the synthesis and
release of this hormone (Becker, 2001). The effect of GH on
IGF-I is mediated by the GH receptor (GHR) because
GH–GHR binding is necessary to stimulate IGF-I synthesis
and release.
Studies have shown that IGF-I plays an important role
in the growth rate of birds, and the lower the IGF-I level is,
the slower is the growth (Scanes, 2009). Increased synth-
esis and decreased protein degradation have been
observed in chickens with high plasma IGF-I levels, result-
ing in increased skeletal muscle deposition (Conlon and
Kita, 2002). There is an evidence that protein synthesis
and degradation may occur via the same biochemical
cycle. Murf-1 (muscle RING finger 1) and atrogin-1 are
two genes involved in protein degradation in the ubiqui-
tin–proteosome complex. Overexpression of these atro-
genes is linked to muscular atrophy, and IGF-I appears to
decrease their expression (Sacheck et al., 2004; Tesseraud
et al., 2007).
Supporting the idea that GH affects growth mainly
through IGF-I (Vasilatos-Younken, 1999), previous studies
have shown that higher GH levels in chickens may be
associated with lower growth rates (Burke and Marks,
1982; Goddard et al., 1988). This suggests that GH levels do
not directly explain the growth rates observed in chickens
but that more information can be obtained by analyzing
IGF-I (Beccavin et al., 2001). These authors observed that
birds selected for higher growth rates have higher levels of
IGF-I mRNA in the liver and higher circulating IGF-I levels
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findings, we also observed higher IGF-I and GHR expres-
sion in the muscles and livers of high-FE birds.
Our comparisons of comfortable temperatures and heat
stress showed that birds with high- or low-FE had higher
IGF-I and GHR expression under comfortable conditions in
both of the studied tissues. Similar results have been
reported previously (Antonio, 2010). Willemsen et al.
(2011) observed lower circulating IGF-I concentrations in
chickens exposed to high temperatures, along with lower
T3 and T4 levels, higher corticosterone levels, higher
TBARS levels and higher antioxidant activity. Therefore,
the authors suggested that heat stress may cause oxidative
stress, contributing to the observed decrease in the birds'
metabolic rate.
Decreased protein synthesis rate and capacity, growth
and protein deposition have been found in chickens
exposed to heat stress (Temim et al., 2000). The authors
also observed lower total RNA concentrations in stressed
animals. Therefore, there may be a link between these
results found and the lower levels of IGF-I mRNA expres-
sion observed at high temperatures in our study; IGF-I
activity is important not just for promoting protein synth-
esis but also for decreasing the protein degradation rate in
the ubiquitin–proteosome complex (Sacheck et al., 2004).
IGF-I is mainly synthesized in the liver (Kim, 2010);
however, we found that high-FE quail exposed to heat
stress had higher IGF-I mRNA expression levels in the
muscle. Extra-hepatic tissues expressing high IGF-I mRNA
levels suggest that decreased plasma concentrations of the
hormone, which may occur in animals exposed to high
temperatures, can lead to higher IGF-I mRNA expression in
other tissues (Katsumata et al., 2002).
Feed efficiency in birds has been frequently linked to
the efficiency of energy production in the mitochondria
(Bottje et al., 2006; Ojano-Dirain et al., 2007). These
studies have determined that mitochondria in low-FE
animals exhibits greater H2O2 production in conjunction
with increased protein oxidation and decreased activity of
the electron transport chain complexes. The authors sug-
gest that these increased levels of oxidative proteins may
contribute to the low-FE phenotype by increasing the
amount of energy required to repair the proteins and by
compromising or decreasing the function of the damaged
proteins. Increased H2O2 production in low-FE birds and
subsequent protein damage may lead to changes in the
mitochondrial gene expression.
Some studies have also shown that high-FE birds show
increased electron transport activity and, consequently, an
increased ability to synthesize ATP. This trait may be due to
the decreased expression of UCP mRNA, which has also
been observed in high-FE birds (Ojano-Dirain et al., 2007;
Raimbault et al., 2001).
In our study, we observed that high-FE birds had lower
UCP mRNA expression in both tissues analyzed, indepen-
dent of temperature. This finding suggests that, consistent
with a previous report (Dridi et al., 2004), UCP may be
involved in animal performance by increasing energy
dissipation through mitochondrial oxidation.
Several studies have shown that UCP mRNA expression
changes as a function of air temperature (Dridi et al., 2008;Toyomizu et al., 2002; Collin et al., 2003). We observed
that high- and low-FE birds had significantly higher UCP
mRNA expression under cold conditions and lower UCP
expression under hot conditions. Increased UCP mRNA
expression in animals under cold stress can be attributed
to heat generation, as birds do not have brown adipose
tissue. There is a strong evidence that mitochondrial
uncoupling can contribute to heat production in skeletal
muscle (Collin et al., 2003; Dridi et al., 2008; Raimbault
et al., 2001; Toyomizu et al., 2002).
Animals exposed to low temperatures also show an
increase in the amount of available fatty acids and circu-
lating T3 levels, both of which may be involved in heat
generation via UCP activation. Fatty acids play important
roles as both muscle activity substrates and as oxidative
phosphorylation uncoupling agents. These molecules may
contribute to UCP expression by activating PPARs (peroxi-
some proliferator-activated receptors) because uncoupling
protein expression depends on PPAR binding to the UCP
promoter region (Solanes et al., 2003).
T3 appears to be necessary for maximum UCP mRNA
expression, and it is known to promote specific mRNA
accumulation through transcriptional and post-transcriptional
mechanisms, including the stabilization of precursor and
mature mRNA (Rehnmark et al., 1992). Furthermore,
when ducks were exposed to cold temperatures, UCP
mRNA expression was significantly increased in animals
treated with T3. However, this result was not observed in
animals with higher circulating fatty acid levels, and
therefore, the authors suggested that UPC mRNA expres-
sion is mainly controlled by the status of the thyroid
(Rey et al., 2010).
Studies have shown that UCP mRNA is mainly
expressed in the skeletal muscles of birds (Evock-Clover
et al., 2002; Raimbault et al., 2001). We also observed
higher UCP mRNA concentrations in the muscle than in the
liver in our study.
The findings of this study suggest that air temperature
affects the expression of genes involved in growth and
mitochondrial energy production and that animals with
different feed efficiencies respond differently to environ-
mental stimuli.
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